With the entire human genome slated for sequencing soon,l almost every day brings a new scientific discovery of a genetic variant that is associated with a specific disease.' In the wake of these discoveries, the popular press has published numerous articles on how advances in genetic science will radically transform the practice of These portrayals of the impact of genetics are typified by a recent special issue of Time magazine3 with headlines reading: "Parenting: Designer Babies," "Genetic Screening: Good eggs, Bad eggs," and "Cursed by eugenics." Rarely, if ever, do these and other articles on genetics cover the public health implications of gene discovery.
The impact of genetic discoveries on public health practice is likely to be felt across all disease areas. For example, Shpilberg et al., state: "the sequencing of the human genome offers the greatest opportunity for epidemiology since John Snow discovered the Broad Street pump." This parallel between a seminal event in public health a century and a half ago and the current milieu ofgene discovery has prompted the challenge of finding effective public health interventions based on geneticepidemiologic information. Public health professionals will increasingly use genetic information to more effectively target behavioral and environmental factors that lead to many diseases. ' .s Ensuring that these opportunities are well understood and supported requires communication with policy makers, health-care providers, other health professionals, and the public on the appropriate use of genetic information in disease p r e~e n t i o n .~ This article is structured around a set of public health oriented communication themes and messages on genetics and disease prevention that provide a population perspective to the popular themes and messages promulgated by the media : 1) human diseases result from gene-environment interaction; 2) population research is needed to determine the clinical validity and utility of genetic testing; and 3 ) genetic information can be used to target interventions that improve health and prevent disease (see Table 1 ). These themes provide public health responses to the concerns expressed in media coverage on genetics and may enable health professionals to reframe discussions of genetic advances. We hope that they will generate dialogue among medical, public health, communication professionals, and the general public in order to develop and test messages for public education campaigns.
Human diseases result from gene-environment interaction
Popular representations of genetics are often deterministic reinforcing a view of humans as a product of their genes, to the exclusion of nongenetic factors.lO-l2 Early discoveries of severe and often incurable conditions may have raised concerns about genetic determinism (e.g., Tay-Sachs disease, Huntington disease). Indeed, many of these disorders can be traced to a deficiency in the product of one gene that leads to a very high risk of developing some clinical disease. Insights into these single-gene diseases have been extremely important because, collectively, they make up approximately 5-10% of human disease. However, the role of common genetic variants (often called polymorphisms) in susceptibility to common diseases is increasingly understood. As more and more of these genetic variants are discovered, the scope of the public discussion of genetics needs to be broadened beyond single-gene disorders to include almost all human diseases. A useful framework upon which to build discussions about the integration of genetics into public health starts with the idea of gene-environment interaction.
We often tend to think about the spectrum of disease causation as ranging from completely genetic to completely environmental. A common way to summarize and present information about the causes of a specific condition is through a causal pie chart in which all of the causes add up to 100% ofthe disease. Common methods of genetic analysis (e.g., twin studies) are designed to partition the components of genetic and environmental contributions to disease.I3 However, stating that a condition X is 40% genetic and 60% environmental sets up a misleading dichotomy between genes and the environment and obscures the fact that most if not all human disease results from the interaction between genetic susceptibility and environmental factors (broadly defined to include infectious, chemical, physical, nutritional, and behavioral factors). Even many of the classic single-gene disorders of metabolism result from a deficiency in a gene-produced enzyme that breaks down one or more chemicals in the diet. For example, phenylketonuria (PKU) results from a genetic variant that leads to deficient metabolism of the amino acid phenylalanine; in the Population research is needed to determine clinical validity and utility of genetic tests Developing policies for disease prevention "Fixing the genes" (Gene therapy) Genetic information can be used to target interventions "Drugs by design" (Pharmacogenomics)
that improve health & prevent disease "Cursed bv eueenics" (Genotwic mevention) *Quotes are headlines from Time magazine, January 11, 1999 special issue on the future of medicine.
presence of normal protein intake, phenylalanine accumulation occurs and is neurotoxic, but the disease can be prevented with a diet low in phenylalanine. The excessive build up of phenylalanine causes the disease, not the gene or dietary exposure by itself.14 Similarly, the so-called environmentally caused diseases are influenced by genetic susceptibility. For example, even though more than 90% of lung cancer is caused by cigarette smoking, only 10-15% of smokers will develop lung cancer, indicating the interaction of smoking with other factors including genetic ones.15 Everyone carries genetic variants that increase their susceptibility to some diseases, and, as a result, the same environmental factors will differently affect the development of disease.
If we accept the fundamental premise that variations in genetic make-up are associated with all human disease, there is no compelling reason to label a disease as either genetic or environmental. For example, one could think of hereditary hemochromatosis as an iron overload disorder that results from the interaction among iron intake, an inherited variation in iron transport, and iron loss. Similarly, breast cancer in some women could result from the interaction between inherited variations in the BRCAl gene and yet-to-be-described factors, including other genes and modifiable behavioral or environmental risk factors. What is inherited is not the disease state per se, but rather the set of genetic variants that affect a dynamic balance between normal and pathologic processes. Disease is rarely an inevitable consequence of a particular genetic variation. Along the pathway to disease, the product of one gene interacts with the products of other genes as well as with other nongenetic factors.
Population research is needed to detennine the clinical validity and utility of genetic testing
The announcement of gene discovery is often followed by scientific excitement, heightened public awareness, and commercial interest in developing and marketing genetic tests. It is easy to get caught up in this excitement and to envision the relevance of these discoveries to health care. The potential problem of doing this, however, is exemplified by the news coverage that followed the publication of a scientific article on familial colorectal cancer and an adenomatosis polyposis coli (APC) genetic variant in Ashkenazi Jews. 16 The news article declared "the good news is that scientists have developed a blood test, that can detect this genetic defect. The test is advisable for everyone in the Ashkenazim population, whether they have a family history of colon cancer or not."17 This recommendation was given without recognizing that this study needed further confirmation and that the risks and benefits of finding out whether one carries the APC genetic variant are still unknown. In particular, it is not yet clear whether carriers of this gene variant require screening programs or treatments different from those offered to persons of average risk; thus a positive test result does not offer health care guidance and could result in adverse effects such as loss of access to insurance. The news coverage of this research finding reflects the mounting pressures for a rapid integration of gene discovery into clinical practice.
For most diseases, there is a large gap between the discovery of a gene and the safe and effective use of genetic information to prevent disease. A simple public health message is that gene discovery is only a beginning. Moving beyond gene discovery to relevant action in the health care system requires research activities in each of the core functions of public healthlsJ9: (1) assessment-including epidemiologic research to quantify the impact of a genetic variant and gene-environment interaction on community health; (2) policy development-including research to identify and analyze the economic, social, ethical, and psychological implications of advances in human genetics, and the information and communication needs of the general public; and (3) assurance-including health service delivery research to identify factors that influence the delivery, utilization, and quality of genetic tests and services. If genetics is not integrated into a public health research agenda, we may not be able to "translate" the numerous gene discoveries into meaningful population-based information that can be used to improve health and prevent disease.20 As part of this process, we need to anticipate that some genetic discoveries will lead to opportunities to improve public health whereas others will not. Translational research in each of the core areas of public health is a necessary step in this determination. As this research is done, public health professionals will be increasingly involved in monitoring and investigating the impact of genetic variation on the health of communities, developing policy on the appropriate use of genetic tests and services, ensuring the provision of appropriate services, and evaluating the health impact of using genetic information. 19 Assessment of the health benefits of obtaining a genetic test is built upon clinical and population-based research from a variety of settings. Clinical research is often conducted in selected populations, such as hospital patients or extended families with multiply-affected members. Much of the current research to find disease-linked genes uses high-risk families or other family-based designs, as is exemplified by the successful use of large families to identify the Huntington disease gene2' and the breastiovarian cancer genes." The results of clinical research conducted in high-risk families may not, however, be representative of what happens in the general population. Genetic or environmental factors may attenuate the association between the genetic variant and disease among those in the general population. ldentitylng the factors that reduce the likelihood of developing disease is critical for improved public health.
Ultimately, the utility of genetic information will depend on whether a genetic test can lead to a medical, behavioral, or environmental intervention that prevents disease and disability. However, the effectiveness of interventions will depend partly on a test's ability to discriminate between those who are likely to develop the disease and those who are not. Misclassification of an individual, and the consequences of intervention decisions that follow, can occur because of poor accuracy of the test (analytic validity) or because the genetic variant tested either has a low risk of disease (penetrance) or is associated with a small fraction of disease (etiologic heterogeneity). The latter two concepts refer to the clinical validity of a test. Analytic and clinical validity are discussed in detail in the final report of the NIH-DOE Task Force on Genetic Testing." To improve decision-making in genetic testing, it will be necessary to follow-up individuals who are tested and evaluate the effectiveness of ensuing interventions (clinical utility).
Genetic information can be used to target interventions that improve health and prevent disease
The media often report on the ethical issues surrounding the use of genetic technologies to produce children who are without genetic "flaws." J~e n g s t '~ has called "genotypic prevention" the interruption of genetic trait transmission from one generation to the next through reproductive counseling, carrier testing, prenatal diagnosis, and pregnancy termination. The legacy of the eugenics movement fuels concerns about the selective abortion of fetuses without the "best" set ofgenes, and about access to these technologies. Some have argued that public health agencies should play a role in ensuring an individual's or a couple's access to reproductive risk information, including prenatal diagnosis and genotypic prevention of severe or lethal conditions, such as Tay Sachs disease.25 For many couples, the availability of prenatal diagnosis provides a level ofreassurance that permits them to proceed with childbearing they would otherwise forego, and thus supports their well-being, a goal encompassed within a broad definition of public health. Ensuring availability of and voluntary access to e re natal services, and evaluating the impact of these services would fall within the purview of public health practice. 25 When there are proven and cost-effective interventions to prevent disease and disability, the public heath community should take a more active role in promoting the use of genetic tests and services. The need for such public health-driven prevention is more clear-cut for adult-onset multifactorial conditions such as cancer and heart disease, than it is for early-onset, lethal single-gene conditions. Juengst calls this "phenotypic prevention" the prevention of disease, disability, or death among people with specific genotypes.24 In its recent strategic plan,8 CDC endorsed the concept of phenotypic prevention as the strategy for public health-driven programs.
Media coverage of phenotypic prevention concentrates on the medical interventions of gene therapy and pharmacogenomics. Gene therapy refers to replacing the products of nonfunctional genes,26 and holds great promise for "fixing" many single-gene disorders ranging from cystic fibrosis to thalassemia. Inroads have even been made in the treatment of various cancers by manipulating the genes of malignant cells. Pharmacogenomics may also improve health by identifying genetic factors that contribute to drug rnetaboli~rn.~~ Researchers in this emerging field will be designing drugs to prevent adverse side effects caused by genetic susceptibility and to enhance therapeutic effectiveness. This approach could include tailoring drug regimens to an individual's genetic profile. Although these fields have not achieved any major breakthroughs, the progress that is expected in the next few years has generated much excitement.
Despite the excitement about new technologies such as gene therapy and pharmacogenomics, it is important to consider that public health interventions based on genetic information are just as likely, if not more likely, to impact disease prevention at the population level. The fact that most human diseases arise from gene-environment interactions leads to the potential for public health interventions on the environmental side. Indeed, many major successes in improving health stem from public health efforts to modify environments. CDC's recent list of the top p u b l i c -;a.
clude vaccinations, smoking reduction, prenatal care, food safety, control of occupational exposures, infectious disease control, and water f l u o r i d a t i~n .~~ As we enter the posthuman genome project era in the new millennium, it is important to envision the role that environmental interventions could play.
Environmental interventions, medical treatment, diet modification, and behavior modification have already been developed for many single gene traits that confer a relatively high risk for disease. It is more difficult to devise such precise interventions for common and chronic diseases that have multiple causes. For instance, more than 270 risk factors have been identified for cardiovascular disease.29 With so many risk factors, the predictive power of any single risk factor for chronic lsease is limited,30.31 as is the clinical relevance of these risk factors and their potential as a target for prevention efforts.
:enetic* Medicine However, genetic information could more adequately quantify an individual's susceptibility to disease, and, by doing so, could clarify the specific factors that interact with this susceptibility to produce disease. The ability to better characterize susceptibility to disease will go a long way toward providing better explanations of why "some vegetarians with 'acceptable' cholesterol levels suffer myocardial infarction in the 30's. Other individuals. . . seem to live forever despite personal stress, smoking, obesity, and poor adherence to a Heart Associationapproved diet."32 The genetic information that is used to explain why such situations will also provide a guide to the most effective targeting of programs for medical, behavioral, and environmental risk reduction. Genetic information may also provide guidance for targeted screening efforts. For instance, persons who have a first-degree relative with colorectal cancer have an increased risk and earlier onset of colorectal cancer, compared with persons without a family history.33 Early initiation of colorectal cancer screening in this group represents a public health opportunity. For a small subset of cases in which family history suggests high risk (multiply affected relatives, early age at onset), genetic testing may help determine the most effective recommendations around the frequency, method, and onset of screening.
A simple epidemiologic model shows how the predictive power of an environmental risk factor can dramatically increase if limited to persons who carry the particular susceptibility gene(s) with which this environmental factor interacts. Khoury and Wagener34 use an example of a disease with lifetime risk of I%, a susceptibility genotype prevalence of I%, and a risk factor prevalence of 10%. They assume that the disease-causing effect ofthe risk factor is confined to persons with a susceptibility genotype, but within the general population, the relative risk associated with exposure to the environmental factor is 2. Under these conditions, the risk factor would have a positive predictive value of 1.8%. However, when the analysis is confined to those who carry the susceptibility genotype, the positive predictive value of the risk factor increases to 91.8%. If this risk factor is modifiable, such as diet, then genetic testing could identify persons who should avoid exposure to this risk factor. This model sketches the framework of primary prevention in the 21" century: the identification and interruption of environmental factors that lead to disease among persons with susceptibility genotypes.
In communicating the impact of genetics on treatment and prevention, messages about gene therapy and pharmacogenomics need to be complemented with messages about the potential for behavioral and environmental interventions based on genetic information. Such messages could lead to a better appreciation of how behaviors can reduce disease risk. Risk reduction in the face of genetic susceptibility is complex. It will require additional research in risk communication and the behavioral sciences to understand how to safely and effectively bring about the changes needed to improve health among those who have genetic susceptibility. Until such interventions are available for any given genetic trait, identification of genetic susceptibility may do more harm than good.
CONCLUSIONS
We have presented three simple public health themes that can provide a basis for developing public health messages about genetics and disease prevention to various audiences: (1) human diseases result from gene-environment interaction; (2) population research is needed to determine the clinical validity and utility of genetic testing; (3) genetic information can be used to target interventions that improve health and prevent disease. These messages underscore how knowledge of genetics presents an opportunity to prevent disease, and in showing these benefits, they aim to reduce fear over the misuse of genetic information. Qualitative and quantitative research can help determine the best means of communicating about genetics and disease prevention. However, we offer this commentary as a starting point because of our concern that the next few years will yield a myriad of genomic data and an inability to act because of ethical and social concerns. We hope that these messages can be used to initiate discussions on how scientific advances in genetics will be translated into public health action in the 21" century.
